Both lifestyle and metformin interventions can delay or prevent progression to type 2 diabetes mellitus (DM) in people with impaired glucose regulation, but there is considerable interindividual variation in the likelihood of receiving benefit. Understanding an individual's 3-year risk of progressing to DM and regressing to normal glucose regulation (NGR) might facilitate benefit-based tailored treatment.
The Diabetes Prevention Program (DPP) demonstrated that over 3 years, intensive lifestyle intervention and metformin treatment reduced the incidence of diabetes mellitus (DM) in high-risk participants with impaired glucose regulation. In addition to reporting average benefit by randomized treatment group, the DPP reported treatment effectiveness by age, sex, race/ethnicity, baseline BMI, and baseline measures of glycemia. Lifestyle intervention was effective in all agegroups, both sexes, all racial and ethnic groups, in overweight, obese, and severely obese participants, and in participants with lesser and greater degrees of fasting and postglucose load hyperglycemia (1) . In contrast, metformin was more effective in participants ,60 years of age, in those with BMI $35 kg/m 2 , and in those with greater degrees of fasting hyperglycemia than in those who were older, less obese, and who had fewer degrees of fasting hyperglycemia (1) .
A better understanding of who is more likely to benefit from these effective interventions could inform individual treatment decisions and help make treatment more effective and cost-effective. Although ;100 risk models and scores for DM have been published (2) , few have developed multivariable models to facilitate tailoring preventive interventions to individuals, and none has reported the impact of interventions on both progression to DM and regression to normal glucose regulation (NGR). Recently, Sussman et al. (3) described the use of prediction models to estimate a person's likelihood of benefit, describing this approach as "benefit-based tailored treatment." They subsequently argued that treatment decisions should be based on the best estimate of absolute risk reduction (ARR) considering all of the patient and treatment factors that determine an individual patient's chances of benefiting (4) . An individual's ARR can be calculated as the difference between an individual's risk without treatment and the risk with treatment. These risks may vary substantially among individuals, even in seemingly homogeneous study populations (4) . Although Sussman et al. (3) developed multivariable models to predict progression to DM for individuals in the DPP population with and without interventions, they assessed some variables not routinely assessed in clinical practice (such as waist circumference and waistto-hip ratio [5] ), did not account for treatment adherence, and did not assess the possibility of regression to NGR (3) .
The purpose of this article was to use baseline data from the DPP to develop risk equations that use routinely assessed clinical variables and predict progression to DM and regression to NGR among individuals who adhere to the interventions. These equations can be used in clinical practice by patients .25 years of age who are overweight or obese and have fasting hyperglycemia and impaired glucose tolerance (IGT) to answer the question, "What will happen to me over 3 years if I adopt the DPP lifestyle intervention or metformin intervention or do nothing?" The answer should facilitate individual benefit-based tailored treatment and personalized decisionmaking.
RESEARCH DESIGN AND METHODS

Study Population
The study population included overweight and obese adults with IGT and fasting hyperglycemia enrolled in the DPP, a randomized, controlled clinical trial comparing the impact of intensive lifestyle intervention, metformin, and placebo on the development of DM over an average 3.2 years. Inclusion criteria included age $25 years, BMI $24 kg/m 2 ($22 kg/m 2 in Asian Americans), plasma glucose 2-h after a 75-g oral glucose load (2-h PG) of 140-199 mg/dL, and fasting PG (FPG) of 95-125 mg/dL (no lower limit in the American Indian centers). The DPP was conducted between 1996 and 2001 at 27 sites in the U.S. The design, rationale, and outcomes have been described in detail elsewhere (1, 6) .
Candidate Predictor Variables
Nineteen routinely assessed clinical variables measured at DPP baseline and known to be associated with progression to DM or regression to NGR were selected as candidate predictor variables. These variables included sociodemographic characteristics (age, sex, race/ethnicity, education, and household income); health behaviors (smoking and self-reported physical activity assessed as minutes per week); selected medications (antihypertensive medications and statins); medical history (polycystic ovarian disease, pregnancy, and gestational diabetes mellitus [GDM]); family history of diabetes (DM in Figure 1 -Consort diagram. 
Outcome Variables
The outcomes of interest were progression to DM and regression to NGR. Progression to DM was defined as two consecutive measures of FPG $126 mg/dL and/or 2-h PG $200 mg/dL with the event time defined as the first occurrence subsequently confirmed. Regression to NGR was defined as the first occurrence of FPG ,100 mg/dL and 2-h PG ,140 mg/dL. HbA 1c levels were not used to define progression to DM or regression to NGR. Regression to NGR was not a prespecified outcome in the DPP, and the protocol did not call for confirmation. The NGR event was counted regardless of what happened after the occurrence of NGR, even if the participant ultimately progressed to DM. No participants regressed to NGR after progression to DM, as DM was considered to be an absorbing state.
Model Development
Using the 19 candidate predictor variables, we developed separate Cox proportional hazard models for progression to DM and regression to NGR for the DPP lifestyle, metformin, and placebo intervention groups. Mean follow-up was 3.2 years, and the time horizon for prediction was 3 years. To adjust for the effect of adherence to the interventions, an adherence variable was included in each of the models. Participants adherent to the lifestyle intervention were defined as having lost $5% of initial weight by the 6-month visit, and those adherent to the metformin and placebo interventions were defined as reporting taking at least 80% of DPP-prescribed masked medication at the 6-month visit. We chose to define adherence using data from the 6-month visit because adherence at 6 months predicted long-term adherence.
To develop the models and estimate the coefficients, we included both adherent and nonadherent participants. Because our primary goal was to provide physicians and patients with information about the clinical effectiveness of the DPP interventions, we focused our evaluations on adherent participants. Clearly, the results represent best-case scenarios. For completeness, we also present the multivariable models and predicted probabilities of progression to DM and regression to NGR for the entire DPP population regardless of their adherence (Supplementary Tables 1-3 ). Because only 2.5% of persons initially screened for the DPP, and approximately one-fourth of those who met 2-h PG eligibility criteria were randomized (7), it is difficult to generalize the results of the DPP to the U.S. population with impaired glucose regulation.
To develop each of the models, we first used multiple additive regression trees to assess interactions (8) . For continuous predictors such as age, we used cubic splines to assess nonlinearity (9) . We excluded extreme covariate values from the analysis if they appeared to be potential leverage points (FPG #90 mg/dL and TG $1,000 mg/dL). A backward stepwise procedure based on Akaike's information criteria was used to select the final models (10).
Model Validation
To internally validate the models, we used a cross validation procedure. We first determined which factors entered the models using all of the data. We then randomly divided the data into 20 subsets and estimated the parameters from 95% of the data (omitting 1 of the 20 subsets). We then applied the model to the data from the omitted subset. Harrell C-statistics were computed as measures of discrimination for each of the omitted subsets (11) . We then compared the observed and predicted risks of progression and regression for each decile of predicted risk and determined the magnitude of the deviation using the D'Agostino and Nam statistic (12) . Nonsignificant P values from this test indicate good model fit. Finally, we used the decision-curve analysis of Vickers and Elkin (13) to identify the range of threshold probabilities in which the models had added value for predicting progression to DM and regression to NGR and the magnitude of benefit.
All statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC) and R 3.0.0 (The R Foundation).
RESULTS
The DPP randomized 3,234 participants: 1,079 to the lifestyle, 1,073 to the metformin, and 1,082 to the placebo intervention. A total of 71 participants (2%) with extreme values of baseline FPG (FPG #90 mg/dL) or TG (TG $1,000 mg/dL) or who were taking fibrates for hypertriglyceridemia were excluded from the analyses (Fig. 1) . Because of missing values for predictor variables and outcomes covariates, a few additional participants were excluded when we developed the prediction models. Figure 1 shows the data sets used for our analyses. Table 1 shows the baseline characteristics of the study participants by DPP intervention group and adherence. Mean age was ;50 years, approximately one-third of participants were men, and slightly more than half were white. Almost half of participants were college graduates. Approximately 7% of participants reported current smoking. At baseline, approximately half of participants reported engaging in .150 min/week of moderate physical activity. Approximately 15% were taking medications for hypertension, and ,5% were taking statins for hypercholesterolemia. Mean BMI was ;34 kg/m 2 , and mean SBP was 124 mmHg. Mean FPG was 107 mg/dL, and median fasting TG was 141 mg/dL.
Sixty-two percent of lifestyle participants, 68% of metformin participants, and 72% of placebo participants were adherent to the interventions at 6 months (Table 1 ). In general, adherent participants were more likely to be older and of white race/ethnicity (Table 1) . Onehundred forty-one (14%) adherent lifestyle participants, 218 (21%) adherent metformin participants, and 296 (28%) adherent placebo participants developed DM. Four hundred twenty-three (40%) adherent lifestyle participants, 272 (26%) adherent metformin participants, and 214 (20%) adherent placebo participants regressed to NGR. Table 2 shows the baseline predictor variables included in the final prediction Adherence is defined as losing 5% of initial body weight at 6 months in the lifestyle group or reporting taking pills $80% of the time in the metformin and placebo groups. For categorical variables, 1 = yes and 0 = no. models for progression to DM and regression to NGR for participants in each of the three treatment groups. All participants, adherent and nonadherent, were used to estimate the coefficients for the models. The coefficients for adherence represent the conditional log hazard ratios for adherent versus nonadherent participants. To calculate the risk for an adherent participant, the coefficient for adherence is set to 1. Eleven of the 19 variables assessed at baseline remained in any of the three models predicting progression to DM, with little overlap across intervention groups. Only FPG and TG entered all three models (Table 2A ). In the lifestyle intervention group, greater physical activity (.150 min/week) at baseline (before lifestyle intervention was implemented), higher BMI, higher FPG, and higher TG predicted greater risk of progression to DM. The seemingly paradoxical finding that greater reported physical activity at baseline was associated with greater risk of progression to DM in the lifestyle intervention group may be explained by the observations that those participants increased the physical activity less and lost less weight than participants who reported less physical activity at baseline. In the metformin intervention group, older age, smoking, history of polycystic ovarian disease, family history of diabetes, higher FPG, and higher TG predicted greater risk of progression to DM. In the placebo group, female sex and having a previous pregnancy with or without GDM, being a college graduate, and higher BMI, SBP, FPG, and TG predicted greater risk of progression to DM. Table 2B shows the baseline predictor variables associated with regression to NGR. Only 6 of the 19 variables entered any of the 3 NGR prediction models, and only 3 of the 6 (younger age, lower FPG, and lower TG) were common to all 3 models. In both the lifestyle and placebo intervention groups, no other variables predicted regression to NGR, whereas in the metformin intervention group, regression to NGR was also associated with male sex, being a college graduate, and lower SBP.
The 3-year probability of progression to DM and regression to NGR for the three intervention groups was calculated using the equations presented in Table 3A and B, respectively. The Harrell C-statistic was used to assess the discriminative ability of the models. The C-statistic indicates the proportion of all pairs of subjects that can be ordered such that the subject with the higher predicted risk is the one who experiences the outcome earlier. In other words, the C-statistic assesses the ability of the model to correctly distinguish those at higher risk from those at lower risk of progression or regression. Two of the three diabetes progression models had fair discrimination (Harrell C-statistic 0.753 for the lifestyle intervention model and 0.721 for the placebo intervention model). Discrimination of the diabetes progression model for the metformin intervention group was not as good (Harrell C-statistic: 0.652). When the outcome was regression to NGR, Harrell Cstatistics were generally lower: 0.673 for the lifestyle model, 0.674 for the metformin model, and 0.681 for the placebo model. Figure 2A and B shows the calibration curves of the observed versus predicted probabilities of progression to DM and regression to NGR, respectively. A nonsignificant P value from the D'Agostino and Nam (12) x 2 statistic indicates good fit of a Table 3 CG, 1 if a subject is a college graduate, 0 otherwise; FH, 1 if a subject has family history of diabetes, 0 otherwise; FNP, 1 if a subject is female and has never been pregnant, 0 otherwise; FP, 1 if a subject is female and has been pregnant but no history of GDM, 0 otherwise; GDM, 1 if a subject is female and has had GDM, 0 otherwise; PA, 1 if physical activity .150 min/week, 0 otherwise; polycystic, 1 if a subject is female and has polycystic syndrome, 0 otherwise; S 0 , 3-year survival probability for a participant with reference covariate pattern (continuous covariates equal the sample average and categorical covariates equal male or no); SM, 1 if a subject is a current smoker, 0 otherwise.
model. Five of the six models had nonsignificant P values, indicating that in general, the models had good fit at year 3. Vickers and Elkin (13) decision-curve analyses were used to identify the range of threshold probabilities in which the models added value for predicting progression to DM and regression to NGR. Both models added value for decision-making: the lifestyle model added value for the full range of threshold probabilities, and the metformin model added value for threshold probabilities from ;10 to 70% (data not shown). Figure 3A shows the 3-year predicted probabilities of progression to DM in DPP participants who adhered to the lifestyle, metformin, and placebo interventions stratified according to their quartile of risk of progressing to diabetes if they had been assigned to the placebo intervention. For those at lowest risk of progression to DM (quartile 1) who adhered to the lifestyle intervention, the predicted 3-year probability of progression to DM was only 4%. The corresponding probability was 11% for those in the lowest quartile of risk who adhered to the metformin intervention and 12% for those in the lowest quartile of risk who adhered to the placebo intervention. The ARR was thus 8% for low-risk participants who adhered to the lifestyle intervention but 0% for low-risk participants who adhered to the metformin intervention. For those in the highest quartile of risk, the predicted 3-year probabilities of progression to DM were 19% for individuals who adhered to the lifestyle intervention, 34% for those who adhered to the metformin intervention, and 59% for those who adhered to the placebo intervention. The ARR was thus 39% for those at highest risk who adhered to the lifestyle intervention and 25% for those at highest risk who adhered to the metformin intervention. These results indicate that the lifestyle intervention was effective in adherent participants regardless of baseline risk, and substantially more effective than the metformin intervention in those at highest risk, whereas the metformin intervention was only effective in adherent participants who were at higher risk (quartiles 3 and 4). Figure 3B shows the 3-year predicted probabilities of regression to NGR by treatment group stratified by the same quartiles of risk of progressing to diabetes if the participants had been assigned to the placebo intervention. For both those with the lowest probability of progressing to DM (quartile 1) and the highest probability of progressing to DM (quartile 4), the probability of regressing to NGR was substantially greater for those who were adherent to the lifestyle and metformin interventions compared with those who were adherent to the placebo intervention. Taken together, these results demonstrate the large variation in individual risk of progression to diabetes and regression to NGR even in this relatively homogeneous study population.
CONCLUSIONS
The DPP demonstrated the efficacy of lifestyle and metformin interventions for delaying progression to DM in diverse participants at high-risk for DM. Sussman et al. (3) previously demonstrated that the average benefit for DPP participants randomized to the metformin intervention was distributed unevenly across the population with one-fourth of patients at the highest risk for developing DM receiving a dramatic benefit (22% ARR over 3 years), whereas the remainder of the study population received modest or no benefit. We have extended this approach evaluating "benefit-based tailored treatment" by developing multivariable models to predict individual risk of progression to DM and regression to NGR using variables routinely assessed in clinical practice and accounting for intervention adherence.
Our results demonstrate that compared with participants who adhered to the placebo intervention, the absolute reduction in the predicted 3-year probability of progression to DM is 20% for participants who adhered to the lifestyle intervention and 9% for participants who adhered to the metformin intervention. However, only 62% of lifestyle participants, 68% of metformin participants, and 72% of placebo participants were able to adhere to their randomized intervention assignments at 6 months. Adherence to the lifestyle intervention, defined as achieving $5% weight loss at 6 months, was associated with reduced progression to DM across all four quartiles of baseline risk, with the greatest ARR relative to placebo occurring in the quartiles of participants at highest risk. Adherence to the metformin intervention was also associated with reduced risk of progression to DM. However, this benefit was strongly affected by baseline DM risk: in the lowest-risk quartile, the metformin intervention reduced the predicted 3-year probability of progression to DM by ,1%, whereas in the group at highest risk, the ARR was 25% with metformin compared with placebo. Absolute risks of progression to DM were consistently lower among adherent lifestyle participants than among adherent metformin participants.
Among those who were adherent to the DPP interventions, lifestyle intervention was also more effective than metformin intervention in promoting regression to NGR (absolute increase in predicted probability of regression to NGR 30% for lifestyle and 14% for metformin). The predicted 3-year probability of regression to NGR by quartile of DM risk was greater with the lifestyle intervention than the metformin intervention, although the benefit of the lifestyle intervention relative to the metformin intervention in increasing the probability of regression to NGR was greatest in the quartile at highest risk of progressing to DM (35 vs. 17% and difference of 18%). In those at lowest risk of progressing to DM, the corresponding rates were 24 and 11% (difference of 13%). Better identification of individuals at low risk of progressing to DM may prevent overtreatment, reduce treatment-related adverse events, and encourage more appropriate resource utilization (14) .
Recently, Davidoff (15) pointed out that although randomized trials can demonstrate whether treatments work, the benefits of treatment vary from patient to patient. Focusing solely on aggregate results for the randomized treatment groups may lead to the faulty inference that an effective treatment provides equal benefits to everyone who receives it. Understanding this phenomenon, termed "heterogeneity in treatment effects," requires knowledge about which participants do and do not benefit from the treatment. Treatment benefits generally increase as an individual's baseline risk increases, and "failure to explore differences in treatment effects among subgroups with different levels of baseline risk represents incomplete reporting of trial results" (15) . Davidoff (15) goes on to recommend that investigators first determine the baseline risk for each trial participant and then develop diseasespecific multivariable prognostic models to risk-stratify the population. Then, by assessing outcomes in study participants according to baseline risk, investigators can compare clinical outcomes directly between treated and untreated participants within each baseline risk subgroup.
There are a number of limitations to our analyses. First, it is important to recognize that the equations were developed and validated for individuals living in the U.S. who met DPP eligibility criteria. It is not clear how the equations will perform, for example, in individuals identified with prediabetes based on a risk-screening questionnaire alone. Second, it is important to recognize that individuals who participated in the DPP were likely more highly motivated to prevent diabetes than individuals with prediabetes in the general population and that the 3-year probabilities of progression to DM and regression to NGR that we reported are for adherent participants. To the extent that intervention participants are less motivated, and their adherence is less complete, the outcomes will be less favorable than we report. In addition, to the extent that longterm adherence to a medication intervention is better than long-term adherence to a lifestyle intervention, the apparent benefit of the lifestyle intervention relative to the metformin intervention will be attenuated. Finally, it should be recognized that the diabetes prevention intervention being implemented in community settings today differs from that implemented in the DPP. For example, the National Diabetes Prevention Program lifestyle intervention lasts for only 1 year and is delivered in a group format rather than one-on-one (16) . To the extent that these differences reduce the efficacy of the lifestyle intervention, the apparent benefit of the lifestyle intervention will be overestimated.
In the future, we plan to upload the multivariable models for individual risk prediction on the DPP Outcomes Study (DPPOS) website. By entering the values for each individual's predictor variables, people meeting DPP eligibility criteria and their health care providers can calculate and compare their 3-year risk of progression to DM and likelihood of regression to NGR if they adhere to an intensive lifestyle intervention and lose at least 5% of their initial body weight or adhere to a metformin intervention by taking metformin 850 mg twice daily at least 80% of the time. They can also see the number of individuals who would need to be treated with the lifestyle or metformin intervention for 3 years to prevent one person from progressing to DM or to induce one person to regress to NGR (the numbers needed to treat). Use of these equations will also allow patients and providers to reassess the choice of intervention after 6 months in light of the intervention's demonstrated feasibility and side effects. For example, if an individual is unable to adhere to the lifestyle intervention after 6 months, the patient and provider may wish to consider metformin therapy. Similarly, if a patient experiences intolerable side effects with metformin therapy, the patient and provider may wish to consider the lifestyle intervention. (Table  4) . Because of the substantially lower risk of progression to DM and the lower efficacy of the metformin intervention in a 40-year-old man with IGT and lower BMI, FPG, and TG versus higher BMI, FPG, and TG, 16 men would need to be treated with lifestyle (vs. 4 men) and 82 men would need to be treated with metformin (vs. 7 men) to prevent one case of diabetes over 3 years in the lower-risk compared with the higher-risk men (Table 4) . However, in a 60-year-old man, adhering to a lifestyle intervention is as effective as in a younger man, but the metformin intervention is less effective in preventing progression to DM in a man with higher BMI, FPG, and TG and ineffective in a man with lower BMI, FPG, and TG (Table 4) . Fortyand 60-year-old women with IGT and histories of pregnancy but no histories of GDM are as likely to benefit from the lifestyle and metformin interventions as 40-and 60-year-old men with the same risk-factor profiles. Compared with men, women are less likely to regress to NGR with the metformin intervention compared with the lifestyle intervention.
Clinical trials assess the efficacy of new treatments and often highlight the effects of an intervention on the relative risk reduction for a prespecified outcome, such as the development of DM. Treatment decisions should, however, be based on the best estimate of the ARR or risk difference associated with alternative courses of action for a particular patient. The purpose of this article was to use baseline data from the DPP to develop risk equations to predict progression to DM and regression to NGR among individuals who adhere to the interventions. These simple equations can be used in clinical practice by patients and their providers to better understand the benefits of the alternative treatments to delay or prevent the development of DM and to induce regression to NGR in order to facilitate individual benefit-based tailored treatment and personalized decision-making.
